N ow it is well recognized that the microRNA (miRNA) expression is altered in response to internal (developmental or hormonal) or external stimuli such as biotic and abiotic stresses in plants. It is also known that several miRNAs are induced in response to deficiency of specific nutrients within the plant or in the external sources, i.e., soil/nutrient media. For instance, P-deprivation induces miR399, S-deprivation induces miR395 and Cu-deprivation induces miR398, miR397 and miR408 in several plant species. Although the transcription factors (PHR1, SLIM1 and SPB7) that regulate these nutrient-deprivation inducible miRNAs have been identified but the upstream biochemical pathway that activates them is relatively unknown. In a recent study, we demonstrated for the first time that redox signaling plays a critical role in S-deprivation-inducible miR395 expression in Arabidopsis. In this short review, we draw additional hypotheses for the involvement of redox signaling and/or reactive oxygen species (ROS) signaling in inducing other nutrient or stress-responsive miRNAs in plants.
Being sessile organisms, plants must adjust their metabolism and growth to changing environment fairly quickly, as such, stress sensing and signaling are most critical steps in this process. 1 One of the early responses to stress also include changes in redox (reduction-oxidation) homeostasis (redox imbalance). Stressinduced redox imbalances initiate compensatory responses via redox signaling network either to readjust redox homeostasis or to repair oxidative damage as well as in modulating gene expression associated with acclimation to stress. 2 One important mechanism of redox-dependent signaling is based on the reversible oxidation and reduction of crucial Cys residues, which is a well-conserved feature among living organisms. 3 In this thiol-based signaling network, redox cues convert the cysteine thiols to disulfide, sulfenic, sulfinic and sulfonic acid, nitrosothiol or glutathionylated forms. 4 In a stricter sense thiol redox regulation and ROS signaling differ despite their intimate linkage through thiol peroxidases and the Halliwell-Asada-cycle. 5 Distinguishing these 2 is challenging and, therefore, these terminologies have been used rather vaguely and interchangeably in the literature. Intracellular thiol redox status regulates a variety of cellular and molecular events such as the activity of proteins, signal transduction, transcription and several other cellular functions. On the other hand, besides inducing a shift in redox balance, oxidative stress can directly affects enzyme activities, signaling, gene expression, lipid peroxidation, and even cell death. Thus, often the effects of redox changes overlap with those of oxidative stress, therefore, it is hard to distinguish whether the observed changes in cellular responses are due to ROS signaling (oxidative stress) or due to stress-induced redox imbalance or both 6 . In a cell, energy supply and consumption maintains the redox equilibrium and any imbalance between these processes could lead to redox imbalance. Under normal conditions, feedback regulation between upstream and downstream activities in a biochemical pathway adjusts this redox equilibrium, but such maintenance will often fail under stress conditions resulting in more reduced or oxidized Keywords: acclimation, arabidopsis, micrornas, oxidative stress, redox signaling states of the NADP/NADPH. 7 The altered NADPH redox milieu will feed into the thiol protein redox network via NADPH-dependent thioredoxin reductases (NTRs) and NADPH-dependent glutathione reductases, which subsequently modify the redox state of the target proteins. 4 Thus far, more than 400 thiol proteins are known in plants that can interact with thioredoxin or glutaredoxin or undergo major conformational changes upon shifting from a reduced to oxidized state. 4 The target proteins vary widely in their functions ranging from metabolism to signaling to translation and transcription 7 . Plant growth, development and adaptation to biotic and abiotic stresses depend on an accurate regulation of gene expression both in time and space. Recently the genome-encoded miRNAs emerged as important regulators of gene expression associated with acclimation to stress including nutrient deprivation as the abundances of various miRNAs are altered under stress. 8, 9 In a few cases, even the transcription factors (PHB, SPB, and SLIM1) that bind to the promoter regions of nutrient-responsive miRNAs have been characterized. However the upstream signaling pathway that regulates/activates these transcription factors is completely unknown. In our earlier report using mutants partially defective in redox pathways, redox signaling was shown to be responsible for the induction of miR395 under S deprivation. 10 This was the first characterization of upstream biochemical pathway(s) involved in regulation of a miRNA expression in plants.
Changes in cellular redox properties have been observed under a variety of biotic, abiotic stresses including nutrient deprivation. It has been reported previously that the reduction potential was increased in spinach leaves subjected to Sand P-deprivation 11 and N-deprivation. 12 The readjustment of redox homeostasis fails when excessively available electrons are transferred to oxygen producing reactive oxygen species (ROS), establishing strong electron sinks and thus inducing oxidative stress. The thiol redox homeostasis is maintained by NADPH-dependent thioredoxin reductases (NTRa, -b and -c) -thioredoxin (TRX) and glutathione reductase -GSH-dependent glutaredoxin (GRX) systems that modify target proteins facilitating stress responses in plants. Compared to wild-type miR395 levels, in single (cad2: g-glutamyl cysteine synthetase involved in GSH biosynthesis), double (ntra/ntrb) and triple (ntra/ntrb/ cad2) mutants grown under S-deprived conditions approximately 20, 40 and 45% decrease in induction of miR395 levels, respectively, was noted suggesting the involvement of redox signaling in miR395 expression under S-deprivation. 10 Only partial decrease even in double and triple mutants suggested potential redundancy between the TRX and GRX systems in plants. Thus, Jagadeeswaran et al. 10 established a link between redox signaling and the SLIM1 transcription factor that regulates miR395 expression during S-deprivation in Arabidopsis. It could also be shown that miR395 is induced by arsenic and copper, both of which impose oxidative stress. 10 Expression analysis of miR395 under excess arsenic and copper exposure in single (cad2), double (ntra/ ntrb) and triple (ntra/ntrb/cad2) mutants should tentatively reveal whether or not miR395 induction under oxidative stress is due to redox or ROS signaling.
Oxidative stress resulting from S-deficiency was confirmed by analyzing miR398 and the target Cu/Zn superoxide dismutase (CSD1) expression, which can serve as markers for oxidative stress. 10 miR398 expression is down-regulated by the oxidative stress (ROS accumulation) in Arabidopsis 13, 14 but it was unknown whether and to which extent redox signaling is involved in this process. miR398 levels were almost unaffected in mutants defective in redox signaling when compared with wild type miR398 levels under S-deprivation. 10 Therefore, only miR395 expression is compromised in mutants defective in redox signaling but not miR398 levels, which suggested that redox signaling controls the expression of miR395 but not miR398 under S-deprivation. These findings argue in favor that the ROS signaling (oxidative stress) and redox signaling are distinct under Sdeprivation.
Salt stress, drought, ozone, hydrogen peroxide, excess levels of copper, iron, among others that generate ROS production have been shown to alter the expression of miRNAs in plants. 9 Seven novel miRNA families that showed differential regulation under hydrogen peroxide stress in rice have been identified. 15 An in depth comparative analysis in wild-type and mutants defective in redox signaling will reveal the involvement of redox in regulating the expression of nutrient and stress-responsive miRNAs (Fig. 1) . Also such studies will help to distinguish between thiol redox and ROS-mediated regulation or even the extent of overlap between these 2 signaling pathways.
The link between oxidative stress signaling and induction of miRNAs has also been known in animals, [16] [17] [18] although the involvement of redox singling per se has not been studied. Thus, this short review may induce more studies to address the involvement of thiol-based-redox signaling in regulating miRNA expression in plants and animals. Such studies should also consider other redox-and ROSrelated cell parameters such as the redox pair ascorbate and dehydroascorbate or oxylipins that likely interfere with the described mechanisms.
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